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The formation of thermally grown oxide (TGO) during high temperature is a key factor to the degradation of thermal barrier coatings (TBCs)
applied on hot section components. In the present study both the CoNiCrAlY bond coat and ZrO2-8 wt.% Y2O3 (8YSZ) ceramic coat of TBCs
were prepared by air plasma spraying (APS). The composition and microstructure of TGO in TBCs were investigated using scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) analysis. The growth rate of TGO for TBC and pure BC
were gained after isothermal oxidation at 1100 1C for various times. The results showed that as-sprayed bond coat consisted of β and γ/γ0phases,
β phase reducesd as the oxidation time increased. The TGO comprised α-Al2O3 formed in the ﬁrst 2 h. CoO, NiO, Cr2O3 and spinel oxides
appeared after 20 h of oxidation. Contents of CoO and NiO reduced while that of Cr2O3 and spinel oxides increased in the later oxidation stage.
The TGO eventually consisted of a sub-Al2O3 layer with columnar microstructure and the upper porous CS clusters. The TGO growth kinetics for
two kinds of samples followed parabolic laws, with oxidation rate constant of 0.344 μm/h0.5 for TBCs and 0.354 μm/h0.5 for pure BCs.
& 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Thermal barrier coatings (TBCs) comprising at least a
metallic bond coat (BC) and a ceramic top coat (TC) are
widely used in aeroengines for propulsion and power genera-
tion to protect the metallic components from the aggressive
environment at elevated temperatures. The bond coat (75–
150 mm in thickness) typically made of MCrAlY (M is Ni or/
and Co) alloy is deposited onto Ni-based alloy followed by
ceramic coat (100–500 mm in thickness), which not only
improves the compatibility of ceramic coat and superalloy
substrates but provides oxidation resistance of the metal
substrate [1–3]. A thermally grown oxide (TGO), predomi-
nantly alumina, will inevitably form between TC and BC
under high temperature condition [2,4]. As a reaction product,
TGO can protect the substrate from further oxidation to some10.1016/j.pnsc.2016.01.004
16 The Authors. Production and hosting by Elsevier B.V. on behalf
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.extent, while the excessive growth of TGO during thermal
exposure is detrimental for TBCs' lifetime [5,6]. Thus, the
TGO formation and subsequent thickening, as the crucial
factors controlling TBCs' durability [2,3,7], are of signiﬁcant
importance in the TBCs.
Chemical composition and growth process of TGO are
crucial factors for the failure of TBCs. α-Al2O3, usually with
columnar morphology in nature [8], is the preferred oxide
developed at the BC/TC interface due to its chemical stability,
better adherence to bond coat and lower standard free energies
of formation than others [6]. For a MCrAlY-type bond coat,
the primary resource of Al to form Al2O3 is from the β-CoAl
(NiAl) phase within the bond coat, related details about this
can be found elsewhere [1,7,9–11]. As the concentration of
aluminum decreases, other oxides including NiO, Cr2O3 or
spinel-type oxides will form in the TGO, the growth of these
detrimental oxides can result in the uniformity of the TGO
layer as a whole [12,13]. Nath et al. [14] deposited NiCrAlY
bond coat and 8YSZ top coat by APS process, the results of
isothermal oxidization at 900 1C and 1000 1C show that theof Chinese Materials Research Society. This is an open access article under the
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spinel oxides, without the existence of NiO at the whole stage.
The TGO growth kinetics, can be equally complex, usually
have been quantiﬁed by measuring the speciﬁc change of
sample weight or TGO thickness during thermal exposure at
elevated temperatures [10,14–18]. Jackson et al. [16] used EB-
PVD process to deposit NiCoCrAlY bond coat and YSZ top
coat, the results of TGO growth kinetics after oxidation at
950 1C, 1050 1C and 1100 1C follow a general expression of
subparabolic equation, the result is also available in other
literatures [19–21], Poza et al. [18] deposited NiCoCrAlY
bond coat and YSZ top coat by APS process, suggesting that
TGO growth follows a power law in the samples treated at
950 1C but two different power laws ﬁt the TGO growth for
different stages of oxidation at 1050 1C.
Thus, even though considerable works have been devoted to
understanding the oxidation behavior of MCrAlY bond coat,
only a few literatures concern the detailed phase composition
and microstructural investigations of TGO in APS TBCs
systematically after isothermal oxidation. Furthermore, the
previous results of TGO growth kinetics are various. For this
reason, the aim of this paper is to deeply evaluate microstruc-
tural evolution of TGO and the oxidation kinetics of an air
plasma sprayed 8YSZ/CoNiCrAlY TBC developed on Inconel
718 substrate after isothermal oxidation, using a combination of
optical microscope (OM), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) equiped with energy dispersive
spectroscopy (EDS). The microstructural evolution of APS TBC
will explain the nature of the observed oxidation kinetics.Table 1
Composition of 8 wt.% yttria stabilized zirconia powders.
Composition ZrO2 Y2O3 HfO2 T.A.O TiO2 MgO Moisture
Content (wt%) Balance 7.46 1.64 0.11 0.10 0.02 0.042. Experimental
2.1. Materials
Co32Ni21Cr8A0.5Y (wt.%) (Amdry 995C, Sulzer Metco
Inc., US) and 8 wt.% yttria stabilized zirconia (8YSZ) (Metco
204B‐NS, Sulzer Metco Inc., US) powders were used to
deposit the bond coat and the top coat, respectively. Fig. 1
shows the surface morphologies of CoNiCrAlY (Fig. 1a) and
8YSZ powders (Fig. 1b). The particle size distribution for
CoNiCrAlY powders was 45–90 mm, and that of 8YSZFig. 1. Surface morphology of the CoNiCrApowders was 45–75 mm. The composition of 8YSZ powders
and CoNiCrAlY powders are shown in Tables 1 and 2,
respectively. Nickel-based superalloy, Inconel 718, was used
as substrate (S).2.2. Sample preparation
Air plasma spraying device (APS-2000, Beijing Aeronau-
tical Manufacturing Technology Research Institute, China)
was applied to deposit bond coat followed by ceramic coat
onto the sand blasted substrate with the size of 110 11 4
mm3. The plasma gun moved in a “rastered” mode across the
stationary substrates, in each passage depositing a thin layer of
molten material (about 15 mm). The speciﬁc deposition para-
meters are presented in Table 3. The substrate temperature was
cooled down by air jets during the spraying process.2.3. Oxidation experiments
Isothermal oxidation was performed in static air in a box-
type resistance furnace (KSL‐1700X‐S) which has a maximum
operating temperature of 1700 1C. Some of TBC and pure BC
samples were oxidized at 1100 1C for 2 h, 5 h, 10 h, 20 h,
50 h, 100 h, 200 h and 350 h, respectively, then the samples
were removed from the furnace after the furnace cools to
ambient temperature. Both heating and cooling rate were set at
8 1C/min during the isothermal oxidation test. Samples with
the size of 11 11 4 mm3 were cut from the oxidized and
as-sprayed samples with a metallographic cutting wheel.
Ceramic sides of two samples were glued together to ensure
a ﬂat surface, cross-sectional samples were then grinded with
SiC abrasive paper and mechanically ﬁnished with abrasive
diamond sand up to 0.5 μm. Care was taken to employ
applicable polishing times and pressures to minimize the
excessive removal of any weakly bonded regions of thelY powders (a) and 8YSZ powders (b).
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alcohol by ultrasound.
2.4. Characterization methods
The microstructure was ﬁrstly observed with OM (M-41X)
to observe the polishing quality of the cross-sectional samples.
To further evaluate the TGO growth kinetics, more than twenty
selected regions of micrographs for each sample were taken to
measure the TGO areas and lengths of BC/TC interfaces using
an image analysis software (MIAS-3000), which were used to
calculate average thickness of TGO.
Phase composition for the CoNiCrAlY powders, as-sprayed
and oxidized bond coats without ceramic coats were conducted
by XRD facility (Ultima III, Rigaku, Japan) using a D/tex
ultra-detector with Cu-Kα radiation, operated at 40 kV, 30 mA.
It may be regarded that the oxygen concentration at the TC/
TGO interface is approximately equal to the value at the
surface of TBC [22], since YSZ is good ionic conductor, thus,
it is feasible to express the phase composition of the bond coat
in the TBCs by the phase change of pure bond coat.
Surface morphology and microstructural evolution empha-
sized on TC/BC interface without gold sputtering process were
investigated by SEM (Zeiss Supra 55, Carl zeiss, Oberkochen,
Germany), secondary electron images (SEI) were then
obtained. The composition distribution of cross-sectional
TBCs was ﬁnally carried out by an EDS (Oxford X-Max 50,
Oxford Instrument, Oxford, UK).
3. Results and discussion
3.1. Characterization of as-sprayed APS TBCs
SEM cross-sectional images (Fig. 2) showing the micro-
structure of the as-sprayed APS TBC were taken at low (Fig.
2a) and high (Fig. 2b) magniﬁcations. Fig. 2c is the EDS
elemental mapping corresponding with Fig. 2b. From Fig. 2a,
it can be observed that the TBC approximately comprised a
100 mm thick CoNiCrAlY bond coat and a 300 μm thick YSZ
top coat. The interfaces at TC/BC and BC/S were clear and
undulant, and the ceramic top coat was closely bonded to the
bond coat by the style of mechanical interlocking. The
presence of the cracks and voids in the top coat can improveTable 2
Composition of CoNiCrAlY powders.
Composition Co Ni Cr Al Y T.A.O C
Content (wt%) Balance 31.58 20.72 7.94 0.52 o0.20 0.013
Table 3
Deposition parameters for air plasma sprayed coatings.
Coating Voltage (V) Current (A) Primary gas ﬂow rate (slm) Secondary
TC 70 600 45 10
BC 65 500 45 8heat-insulating property of coatings. The bond coat was mainly
composed of splats, semi-molten particles, oxide stringers and
voids. The consecutive splats, as basic structural building
block within bond coat, were created when completely molten
particles impacted the surface of substrate. It is believed that
the voids existed in the bond coat are caused by many factors
such as the un-tight adhesion of splats to each another and
insufﬁcient impact pressure during deposition. Oxide stringers
(identiﬁed in Fig. 2b as dark gray areas) presented in bond coat
as well as at the TC/BC interface, suggesting that reaction of
particles/atmosphere and/or heating of coating surface
occurred throughout the deposition process [23]. Combining
the analysis of EDS the elemental maps (Fig. 2c) with XRD
(Fig. 3) proposed in the Section 3.2, the segmented oxide
stringers were veriﬁed to be Al2O3.
Fig. 3 shows the XRD spectra of CoNiCrAlY powders, as-
sprayed bond coat and oxidized bond coat at various times. In
order to better know the concentration change before and after
isothermal oxidation for different times, the EDS composi-
tional analysis of elements on the bond coat surface is also
given, as shown in Table 4. It was observed that the
CoNiCrAlY powders were composed of γ-Matrix Co–Ni–Cr
solid solution/γ0-Ni3Al and β-CoAl solid solution, while for as-
sprayed bond coat, the peak broadening compared to powders
has taken place for the γ peaks, which is partly due to the grain
reﬁnement or induced micro-stress appeared during the deposi-
tion process. The absence of β phase in as-sprayed bond coat
also occurred, which may be attributed to the formation of α-
Al2O3 due to the oxidation of sprayed particles during
deposition process. When aluminum within the coating
depletes to a certain extent, the β phase precipitates could no
longer form in this place. This absence of β phase is in
accordance with the results of previous work [1,10,24]. The
speciﬁc analysis for XRD patterns of oxidized samples in Fig.
3 will be further discussed in Section 3.2.
3.2. Formation of TGO after isothermal oxidation
Fig. 4a shows the cross-sectional SEM images of APS TBC
after isothermal oxidation at 1100 1C for 2 h. It is evident that an
uneven TGO layer formed along the TC/BC interface, the
corresponding proﬁle of EDS line scan (Fig. 4c) shows an
exclusive Al and O peaks from 8 to 10 μm. Combining the
analysis of XRD (Fig. 3), the TGO layer at this early stage is
nearly composed of α-Al2O3, which agrees with others' work
[9,13]. From the perspective of thermodynamics, the preferential
formation of Al2O3 is due to its lowest standard formation free
energy [25] and high stability. It is generally accepted that the
formation of Al2O3 scale ﬁrstly depends on the diffusion ofgas ﬂow rate (slm) Stand-off distance (mm) Powder federate (g min1)
100 30
150 60
Fig. 2. Cross-sectional images of as-sprayed coatings characterized by SEM ((a) at low magniﬁcation and (b) at high magniﬁcation) and EDS elemental maps
responding to Fig. 1b.
Fig. 3. XRD spectra of the CoNiCrAlY powders, as-sprayed and oxidized
bond coats at 1100 1C for various periods.
Table 4
The EDS compositional analysis (wt.%) of the element on the bond coat
surface before and after isothermal oxidation for different times.
Oxidation time (h) Co Ni Cr Al O Y
0 30.46 25.11 17.83 13.65 11.18 1.76
2 23.53 13.23 16.61 16.51 30.01 0.11
5 22.32 15.39 14.49 18.44 29.20 0.16
10 22.58 15.34 18.07 15.32 28.63 0.06
20 24.14 15.00 16.59 15.94 27.98 0.31
50 22.00 12.94 24.19 12.33 28.21 0.32
100 20.62 11.75 27.06 12.08 28.15 0.34
200 18.45 13.22 24.05 14.76 28.58 0.94
350 17.98 12.38 25.02 14.97 28.67 0.98
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mechanism of this inward diffusion of oxygen includes ionic
movement of oxygen along grain boundary of zirconia and
oxygen ingress through interconnected pores and cracks of
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Fig. 4. Cross-sectional SEM images of APS–TBCs after isothermal oxidation at 1100 1C for (a) 2 h and (b) 20 h. Images (c) and (d) are EDS line scan for images
(a) and (b), respectively.
Table 5
EDS compositional analysis (wt.%) of different points in the cross-section of
an oxidized TBC at 1100 1C for 2 h (a) and 20 h (b) as shown in Fig. 4.
Image Point Co Ni Cr Al O
1 3.23 0 0.70 37.24 42.76
(a) 2 0.65 0.64 1.07 43.89 42.24
3 3.51 2.34 3.08 45.90 42.20
1 3.92 2.35 24.01 27.96 37.33
(b) 2 0 0 1.28 47.15 44.32
3 1.58 1.02 0.22 51.79 45.40
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of TGO plays a dominant role at high temperature of 1100 1C,
then the formation of TGO occurs primarily at the BC/TGO
interface [14,26]. Besides, outward diffusion of Al3þ through
lattice or body of Al2O3 scale also occurs when the grains of
TGO are small [27]. Fig. 4b shows cross-sectional SEM images
of APS coatings after isothermal oxidation at 1100 1C of 20 h,
the corresponding proﬁle of EDS line scan is shown in Fig. 4d.
Combining the analysis of XRD (Fig. 3) and EDS (Fig. 4d), it is
believed that Al2O3 as the primary phase existed near BC in this
stage, and Cr2O3, spinel oxides which a mixture of NiCr2O4,
NiAl2O4, CoAl2O4, CoCr2O4, NiCo2O4 or a substitutional solid
solution of (Ni,Co)(Al,Cr)2O4, as well as a small amount of CoO
and NiO were detected in TGO near TC. This is due to a
decrease of localized aluminum concentration and the formation
of a protective Al2O3 layer which can prevent further oxygen
ingress. Thus, the solubility of Ni, Cr, Co into Al2O3 layer is
improved by an increase of oxygen concentration at TC/TGOinterface, promoting the successive formation of Cr2O3, CoO,
NiO and spinel oxides based on their standard free energy of
formation by cations movements towards the oxide-gas interface
[28,29]. In addition, Cr2O3 possessing the same crystal structure
with Al2O3 can more easily nucleate on the basis of Al2O3 [18].
CoO with much cation defects soon reacts with the initial Al2O3
or Cr2O3 to form CoAl2O4 and CoCr2O4. The EDS composi-
tional analysis of elements at the different points of Fig. 4 a and
b is summarized in Table 5, showing the concentration change of
the elements in the bond coat. The schematic diagram of
mechanism in different stages of oxidation in the TBC is shown
in Fig. 5.
After heat treatment of 50 h, evident Cr2O3 and spinel
oxides appeared as shown in the XRD pattern (Fig. 3), and the
peaks for NiO nearly kept balanced with that for 20 h, CoO
was seldom detected for its instability, as mentioned in the
above section. The results are in good agreement with previous
studies [9,11]. The content of Al2O3 seldom increased after
50 h of oxidation, which may be related to the vast dissolution
of the Al-rich β-phase which serves as the primary resource for
the Al which is necessary for the formation of the alumina in
the TGO, otherwise, Al2O3, as a reactant, is indispensable for
the formation of NiAl2O4 and CoAl2O4. The TGO is maily
composed of a Al2O3 layer and the mixed clusters of
Cr2O3þspinelþNiO (abbreviated as CSN).
Fig. 6a is a SEM image showing the cross-section of APS
coating after oxidation at 1100 1C of 200 h. The TGO still
exhibit a good adhesion with both ceramic and bond coats.
Fig. 6b is a partial enlarged view of Fig. 6a, and its elemental
Fig. 5. Schematic diagram of mechanism in different stages of oxidation in the duplex TBCs.
Fig. 6. Cross-sectional SEM images of APS–TBC after isothermal oxidation for 200 h ((a) at low magniﬁcation and (b) at high magniﬁcation) and EDS elemental
maps responding to Fig. 6b.
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composed of a sub-layer of α-Al2O3 and an upper layer with
large numbers of mixed oxides protrusions. These mixed
oxides are further veriﬁed to be Cr2O3 and spinel oxides
(abbreviated as CS) with the XRD pattern (Fig. 3). CoO andNiO nearly disappeared after long time oxidation. The TGO
was eventually composed of the Al2O3 layer and the CS
clusters. Simultaneously, the existence of YAG (Y3Al5O12)
generated by the reaction of yttria and alumina [3] is observed
in the inner region of the TGO. This is due to the low diffusion
Fig. 7. SEM images of the fractured cross-section of an oxidized TBC at 1100 1C for 200 h at low magniﬁcation (a) and at high magniﬁcation (b).
Table 6
EDS compositional analysis (wt.%) of three points in the fractured cross-
section of an oxidized TBC at 1100 1C for 200 h as shown in Fig. 7b.
Point Co Ni Cr Al O
1 0 1.87 0.74 58.58 38.81
2 13.43 12.35 25.61 13.51 35.10
3 43.21 31.17 23.59 0.01 2.02
X. Liu et al. / Progress in Natural Science: Materials International 26 (2016) 103–111 109rate of yttrium in the CoNiCrAlY structure and within the
grain boundaries [30].
The SEM images of the fractured cross-section of an
oxidized TBC at 1100 1C for 200 h, as shown in Fig. 7a, is
used to analyze the detailed growth process of the oxide scale.
Point 1, point 2 and point 3 represent three different areas
appeared in Fig. 7b. The EDS analysis for these different
regions is summarized in Table 6. It is found that the zone as
labeled 1 is α-Al2O3. From Fig. 7b, it is observed that the α-
Al2O3 concentrated in the lower zone of TGO and featured
with columnar microstructure for the competitive growth of the
interfacial Al2O3 grains, this growth style occurs primarily by
the inward diffusion of O2 ions along the grain-boundary. In
addition, a large gradient in the oxygen chemical activity exists
across the whole Al2O3 scale [15]. The columnar microstruc-
ture of α-Al2O3 is in accordance with the results of Tolpygo et
al. [17] and Karadge et al. [31]. From the above analysis and
EDS results as shown in Table 4, the zone as labeled 2 is a
porous mixture of Cr2O3 and spinel oxides with granular
morphology. The pores exists in TGO are due to the formation
of random arrangement of mixed oxides, besides, part of
Cr2O3 transform to volatile CrO3 by further reacting with
oxygen dissolves at ﬁrst or enters via grain boundaries of oxide
layer, which also leads to the increase of the pores in TGO.
3.3. Growth kinetics of TGO layer
Fig. 8 shows the representative SEM images of cross-sectional
TBCs showing the change of TGO thickness after oxidation at
1100 1C of 2 h (Fig. 8a), 20 h (Fig. 8b), 50 h (Fig. 8c) and 200 h
(Fig. 8d). A clear increment in TGO thickness was observed in
the APS TBCs as the heating time increasing from 2 h to 200 h.
It is inaccurate for simply measuring the TGO thickness becauseof the irregularity and inhomogeneity of TGO. Thus, an
equivalent TGO thickness (δeq) representing the entire TGO
layers can be deﬁned by the following equation [4]:
δeq ¼
P
cross sectional area of TGOð Þ
Pðcross sectional length of TGOÞ ð1Þ
The average TGO thickness in APS TBC and pure BC in
this study are smaller than the critical value of approximately
10 μm reported in previous study [32]. TGO in two kinds of
samples growth followed parabolic laws through the best
approximated ﬁtting of the experimental data, as shown in
Fig. 9, which can be expressed in the following equation:
δeq ¼ Kp:t1=2þc ð2Þ
where δeq is the TGO thickness, t is exposure time, Kp represents
the TGO growth rate constant with unit of μm/h0.5, c is a
constant. In this study, the value of Kp for TBC is 0.344 μm/h0.5
(3.29 1017 m2/s), which is between 1.05 1017 m2/s at
1050 1C and 5.84  1017 m2/s at 1150 1C obtained by Jackson
et al. [16], and that of pure BC is 0.354 μm/h0.5. This indicats that
the ceramic coats seldom affects the inward diffusion of oxygen,
which further proves the feasibility of the above methods in
regard to the phase transformation for bond coats in TBCs.
The results of previous study reveal that TGO growth is
predominantly controlled by the element diffusion (rather than
interface) [33]. It is believed that the initial fast growth of TGO
is attributed to the availability of aluminum from the Al-rich β-
phase and formation of Al2O3 scale for its lowest free energy
of formation. As soon as stable and protective Al2O3 scale
form the further diffusion of oxygen towards BC/TC interface
is delayed, and thus decreasing the partial pressure of oxygen
at the BC/TC interface. A decrease of partial pressure of
oxygen reduces the growth kinetics of TGO [14].4. Conclusions
In the present work, the microstructure and oxidation
behavior of the air-plasma-sprayed thermal barrier coatings
including a CoNiCrAlY bond coat and an 8YSZ top coat have
been studied by focusing on the TGO layer, and the following
conclusions are drawn:
Fig. 8. Evolution of the TGO layers in APS–TBCs after oxidation at 1100 1C for 2 h (a), 20 h (b), 50 h (c) and 200 h (d).
Fig. 9. TGO growth kinetics of APS–TBCs and pure BCs after isothermal
oxidation at 1100 1C.
X. Liu et al. / Progress in Natural Science: Materials International 26 (2016) 103–1111101. CoNiCrAlY bond coat and 8YSZ ceramic coat were
successfully deposited by air plasma spraying. As-sprayed
bond coat consists of β phase and γ/γ0phases, and β phase
slowly reduces as the heating time increases.
2. The oxide scale in APS TBCs is predominantly composed
of α-Al2O3 at the earlier stage of oxidation, mixed oxides
including Cr2O3, spinel oxides, CoO and NiO appear after
20 h of oxidation. The contents of CoO and NiO reduce
while that of Cr2O3 and spinel oxides continuously increasein the later stage of oxidation. The TGO layer ﬁnally
comprises a sub-Al2O3 layer and the upper CS clusters.
3. α-Al2O3 in TGO exhibits columnar microstructure, and the
growth of porous mixed oxides featured with granular
morphology are controlled by outward diffusion of metallic
cations.
4. The kinetics of TGO growth in APS TBCs and pure BCs
follow the parabolic law of δeq¼Kp.t1/2þc, the rate
constant Kp are 0.344 μm/h0.5 for TBCs and 0.354 μm/h0.5
for pure BCs. The ceramic coats have little effect on the rate
constant of bond coats in TBCs.
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